A B S T R A C T Regional myocardial blood flow was measured in nine dogs at rest and during three levels of treadmill exercise by using left atrial injections of 7-10-,um radioactive microspheres. At rest, heart rate was 76±3 beats/min (mean+SEM), mean left ventricular myocardial flow was 0.94±0.09 ml/min/g and endocardial flow (endo) exceeded epicardial flow (epi) in all regions (endo/epi = 1.12-1.33). When treadmill exercise was regulated to increase heart rates from 152±3 to 190±3 to 240±6 beats/min, myocardial blood flow (MBF) to all regions of the left ventricle increased linearly with heart rate (HR) from 1.83±f-0.11 to 2.75± 0.22 to 3.90±0.26 ml/min/g (MBF = 0.0175HR -0.523 ±0.614, r = 0.87). Exercise abolished the gradient of blood flow favoring the left ventricular endocardium at rest, so that the endo/epi flow ratios were not significantly different from 1.00. Right ventricular flows were consistently less than corresponding left ventricular flows, but showed a similar linear increase with heart rate. Right ventricular endo/epi ratios were not different from 1.00 either at rest or during exercise. Thus, exercise resulted in increased myocardial blood flow to all regions of the left and right ventricles with maintenance of subendocardial flow equal to subepicardial flow.
INTRODUCTION
Received for publication 12 June 1974 and in revised form 29 August 1974. ercise (1) (2) (3) (4) , regional myocardial blood flow has not been measured previously during exercise. Since perfusion of the subendocardial myocardium occurs principally during diastole, uniform transmural myocardial perfusion requires a gradient of coronary vascular resistance during diastole with resistance lower in the subendocardium than the subepicardium. Exercise results not only in tachycardia with shortening of the interval of diastole, but also in coronary vasodilation in response to increased myocardial oxygen consumption (5, 6) . Because the generalized coronary vasodilation resulting from exercise might limit the capacity of the subendocardial vasculature to maintain resistance sufficiently lower than in the subepicardium to compensate for the shortened diastolic perfusion period, it is possible that subendocardial perfusion could be compromised during exercise. This concept is supported by previous studies in open-chest dogs which have suggested that the subendocardial vasculature may be maximally dilated at rest and thus unable to increase blood flow in response to increased myocardial oxygen demand (7, 8) . Consequently, the present study was performed to measure regional myocardial blood flow during exercise to assess the transmural distribution of myocardial blood flow. [43] [44] [45] [46] [47] [48] [49] and tunneled to a subcutaneous pouch at the base of the neck. 7-10 days after surgery, training was begun to teach the dogs to run on a motor-driven treadmill.' Studies were performed 17-21 days later when dogs were free from fever, anemia, or other evidence of ill health.
METHODS
On the day of the study, the left atrial and aortic catheters were exteriorized from the subcutaneous pouch using 2% lidocaine infiltration anesthesia. The arterial catheter was attached to a Statham P37Db pressure transducer8 mounted on the dog's side and a polyethylene tube connected to a constant rate withdrawal pump.' The left atrial catheter was connected via a stiff polyethylene tube to a Statham P23Db transducer mounted on the treadmill cage at the level of the left atrium. Phasic and mean aortic and mean left atrial pressures were recorded continuously on a directwriting oscillographic system.'
Measurements of regional myocardial blood flow were made by using serial injections of carbonized microspheres' [7] [8] [9] [10] A&m in diameter labeled with gamma-emitting nuclides 'Ce, 'Cr, 'Sr, and "Sc. The microspheres were diluted in 10% low molecular weight dextran so that 1.5 cm8, the volume injected, contained approximately three million microspheres. This dosage was selected so that during resting conditions each gram of myocardium would receive a minimum of 500 microspheres assuming a coronary blood flow of 5%o of the cardiac output and heart weight of 150-200 g. This number of microspheres has been shown to minimize error due to random distribution (9) . Serial injections of this quantity of microspheres resulted in no measurable change in heart rate or blood pressure in the dogs included in this study. Before each injection the microspheres were thoroughly mixed by alternate agitation for at least 15 min in an ultrasonic bath and Vortex agitator.' Complete dispersion was verified by microscopic examination of a drop of the suspension. During each intervention, 1.5 cm8 of the microsphere suspension was injected into the left atrium over a 15-s interval via the previously implanted catheter and flushed with 10-15 cm" of warm isotonic saline. Beginning at the start of injection, a reference sample of arterial blood was withdrawn from the aortic catheter at a constant rate of 15.0 ml/min for 90 s. Hematocrits (36-48%) were measured before and after each study and did not vary appreciably during the study.
Measurements of myocardial blood flow were made during quiet resting conditions while standing, and during light, moderate, and heavy exercise on the treadmill. Light exercise was defined as the speed and grade necessary to increase heart rates to 140-170 beats/min. Moderate exercise was regulated to increase heart rates to 180-210 beats/ min. Heavy exercise was the level of exercise necessary to achieve heart rates greater than 220 beats/min. Mean (1) (2) (3) (4) . Heart rate, mean arterial pressure, and mean left atrial pressure were measured directly from the recording during rest and each level of exercise.
At the completion of each study the dog was anesthetized with sodium thiamylal and sacrificed with a lethal dose of potassium chloride. The heart was removed and placed in 10% formalin for a 3-day period to facilitate sectioning. The atrial tissue, right ventricle, pericardial fat, aorta, and large surface vessels were then dissected from the left ventricle. The mean heart weight was 160±+12 g and mean left ventricular weight was 105±1-29 g. The left ventricle was sectioned into four transverse rings of approximately equal thickness (Fig. 1 ). The two central sections which constituted 61±+7% of the left ventricular weight were then divided into six regions: anterior wall, intraventricular septum, posterior free wall, posterior papillary muscle region, lateral wall, and anterior papillary muscle region. Each region was then sectioned into four equal transmural layers from the epicardial to the endocardial surface ( Fig.  1) , weighed, and placed in vials for counting. For the remainder of this paper, these layers will be referred to as "layers 1 to 4," layer 1 being the most epicardial layer and layer 4 the most endocardial layer. Individual sample weights ranged from 0.72 to 3.94 g with most samples weighing 1.50-2.00 g.
In five of the dogs studied a section of the base and apex of the right ventricular free wall was also sampled. Be Fm = Fr. Cmx/Cr where Fm = sample blood flow (ml/min), Fr = reference blood flow (ml/min), Cm = counts per minute of each sample, Cr = counts per minute of reference flow sample. Each sample blood flow (ml/min) was divided by the sample weight and expressed as milliliter per minute per gram of myocardium.
The regional myocardial flows to rings 2 and 3 were compared by using multiple paired t tests comparing each region and layer in ring 2 with the corresponding specimen in ring 3. The P values were adjusted by the Bonferonni inequality (10) which corrects for performing multiple tests on correlated data, i.e., each P value was multiplied by the number of paired t tests performed on each set of data and a P value of <0.05 was required for statistical significance. Since no statistically significant difference in myocardial blood flow was found between any region in ring 2 and the corresponding region in ring 3, data from corresponding regions of rings 2 and 3 were pooled for subsequent analysis. The transmural distribution of flow from epicardium to endocardium was compared by performing paired t tests between layers 1 and 4. Similarly, right ventricular flow distribution was analyzed by comparing the flow to endocardial and epicardial layers by using paired t tests. These P values were also corrected using the Bonferonni inequality.
Mean left ventricular flow for each intervention was determined by averaging the flow to all regions sampled in each dog, and regression equations for heart rate and the product of heart rate and mean arterial pressure plotted against mean left ventricular myocardial blood flow were computed. Mean right ventricular flow for each intervention was determined in the same manner for five dogs and the regression equation for heart rate plotted against mean right ventricular myocardial blood flow was computed. An analysis of covariance was performed to compare the right and left ventricular slopes. (14) (15) (16) .
RESULTS
re presented in Table  Transmural myocardial FIGURE 3 Mean left ventricular myocardial blood flow (ml/min/g) plotted against the product of heart rate X mean arterial pressure X 10 (beats/min X mm Hg) for each dog studied at rest, and during light, moderate, and heavy exercise. endocardial flow potentially could have been maintained at a higher level to retain the gradient of flow favoring the subendocardium which was observed at rest. Since no attempt was made to determine whether subendocardial flow could be further increased during the heavy exercise period, it is possible that during this time subendocardial flow had approached its upper limit. Without some measurement of oxygen consumption or other metabolic parameter, one cannot be certain that equality of blood flow to the endocardium and epicardium represents "adequate" distribution of myocardial flow. However, the data do suggest that at least during the light and moderate exercise periods abolition of the gradient of flow favoring the subendocardium did not result from inability of the subendocardial vasculature to further augment flow. Using intramyocardial polarographic electrodes, previous investigators (7, 8) have reported lower intramyocardial oxygen tensions in the subendocardium than in the subepicardium and have used this data to support the hypothesis that the subendocardium does not receive adequate blood flow to satisfy its metabolic needs. From these studies, they have suggested that the subendocardial vasculature is maximally dilated during resting conditions and thus unable to dilate further in response to increased oxygen demands. In contrast to this hypothesis, measurements of regional myocardial blood flow in the present study showed a marked ability of the coronary vasculature to increase blood flow in all transmural layers during exercise. Thus, the subendocardial vasculature was clearly not maximally dilated at rest, but was able to further dilate during exercise to maintain the gradient of diastolic flow favoring the subendocardium so that endocardial flow was not significantly different from epicardial flow.
In the present study, mean right ventricular flow per gram at rest was 57% of mean left ventricular flow. Since systolic tension development is a major determinant of myocardial oxygen consumption, the lower blood flow to the right ventricle may be related to the lower systolic tension of the right ventricle. Although the right ventricular myocardium received less blood at rest than the left ventricle, exercise resulted in similar increases in myocardial blood flow to both ventricles as evidenced by the similar slopes of the right and left ventricular regression plots of blood flow and heart rate. Furthermore, transmural blood flow to the right ventricular wall remained uniform during exercise.
Thus, exercise resulted in linear increases of myocardial blood flow to both right and left ventricles. Fur- 
